The mechanisms of eukaryotic cell response to cold plasma are studied. A series of single gene mutants of eukaryotic model organism Saccharomyces cerevisiae are used to compare their sensitivity to plasma treatment with the wild type. We examined 12 mutants in the oxidative stress pathway and the cell cycle pathway, in which 8 are found to be hypersensitive to plasma processing. The mutated genes' roles in the two pathways are analyzed to understand the biological response mechanisms of plasma treatment. The results demonstrate that genes from both pathways are needed for the eukaryotic cells to survive the complex plasma treatment.
It is shown that atmospheric pressure cold plasma has a strong ability to inactive bacteria both in air and in water. [1] [2] [3] [4] The inactivation, however, becomes much less effective when it comes to eukaryotic yeasts. 5, 6 Also, the biological effects caused by plasma are often sublethal in eukaryotic cells, for instance, temporary membrane permeability ͑gene delivery͒ 7 or cell detachment and reattachment. 8 These phenomena suggest that eukaryotic cells may have advanced response mechanisms to survive the plasma stress. Recently, Perni et al. employed three single gene deletion mutants of Escherichia coli to discriminate the effects of UV photons, OH radicals, and reactive oxygen species produced in cold plasma, finding atomic oxygen played the most essential role in the inactivation and the reactive oxygen species resistant gene soxS was an important protective gene for E. coli. 9 To understand the protective mechanisms of eukaryotic cells which have more in common with human cells, 10 in this study, we have carried out a screening of the eukaryotic response genes to plasma in Saccharomyces cerevisiae using its single gene mutants. The screening includes the genes from two major pathways: ͑1͒ the oxidative stress pathway; ͑2͒ the cell cycle pathway. The reasons to choose those two pathways rely on the facts that cold plasma has shown to be effective to inactive bacteria with its reactive oxygen species and to cause apoptosis in cancer cells that have dysfunctional cell cycle controls. 11, 12 By measuring the survival ratios of the strains after plasma treatment, we screened the mutants from the two pathways to evaluate how those genes are needed for the cells to respond to plasma treatment.
S. cerevisiae is a well studied biological model for research on eukaryotic cells. In this experiment, a total of 12 single gene mutants of S. cerevisiae were employed: 7 from the oxidative stress pathway ͑sln1, ssk1, ssk2, hog1, ask10, skn7 and tsa1͒, [13] [14] [15] [16] 4 from the cell cycle pathway ͑cdc28, cln3, swi4, and swi6͒, [17] [18] [19] and a nonrelevant mutant ylr224w ⌬ as the mutant control besides the wild type ͑wt͒ control. Wt was used to compare the sensitivities of different strains to plasma, while ylr224w
⌬ was used to demonstrate whether a single-gene deletion itself would cause hypersensitivity in S. cerevisiae. The single gene deletion mutants were constructed by replacing the respective open reading frame ͑ORF͒ with a G418 resistant gene kanMX4. 20 Two exceptions were the essential genes sln1 and cdc28, because S. cerevisiae haploid could not survive with an essential gene deleted. Mutations of those two were made by decreased abundance by mRNA perturbation ͑DAmP͒: 21 adding the kanMX4 gene after their ORFs. The Sln1 or Cdc28 proteins produced in the cell were then diminished in compliance with the deletion purpose, and the strains were annotated as sln1-D or cdc28-D. Before the plasma treatment, all mutant strains were confirmed by polymerase chain reaction to make certain of the correct gene deletion or modification.
The atmospheric pressure cold plasma was produced via a direct current microhollow cathode discharge ͑MHCD͒ based plasma microjet ͑PMJ͒ device. 1 He/ O 2 ͑2 vol %͒ premixed gas was used as working gas, at a flow rate of 2.5 standard liters per minute. The operating current and voltage were 30 mA and 0.56 kV, respectively. Figure 1 shows the end-on spectra of the He/ O 2 PMJ operated in air in the UV to near IR region. Major peaks were helium emissions, while strong atomic oxygen emissions at 777 and 844 nm were also observed. Water from the surrounding air was disassociated and excited, with both OH ͑A-X͒ band ͑306-309 nm͒ and H ␣ ͑656 nm͒ observed, although very weak. Copper emissions were also observed in the UV region due to the choice of the electrode material. The end-on light emission was collected using a 0.75m spectrometer ͑Acton 2750͒ equipped with an 1800 groove/mm grating. The dispersed emission spectra were recorded by an intensified chargecoupled device ͑CCD͒ camera ͑Roper Scientific I-MAX-1024͒.
The PMJ was sustained in a quasisteady gas cavity in water 3 for yeast cell treatment. Oxygen-derived free radicals produced in the system, hydroxyl radical ͑·OH͒ and singlet oxygen ͑ 1 O 2 ͒ in particular, was examined with electron spin resonance ͑ESR͒ spectroscopy. 5, 5-dimethyl-1-pyrroline-Noxide ͑DMPO͒ was used to trap ·OH, whose adducts DMPO-OH usually showed a 1:2:2:1 quartet pattern signal in ESR spectrum. 22 2, 2, 6, 6-tetramethylpiperidine ͑TEMP͒ was used to trap 1 O 2 , whose adducts TEMPO usually showed a 1:1:1 triplet pattern signal. 23 20 l DMPO ͑0.8 mol/L͒ or 20 l TEMP ͑99.9%͒ was added into 1 ml H 2 O, and then treated with PMJ for 20 s. Signal measurements were carried out on an ER-200D-SRC ESR spectrometer ͑Bruker, Germany͒. The detection results shown in Figs. 2͑a͒  and 2͑b͒ show the existence of ·OH and 1 O 2 , respectively. Sensitivity evaluation of each strain to plasma was performed using XTT assay, an alternative way to colony forming units counting to evaluate cell viability. 24 The stains were cultured in yeast extract-peptone-adenine-dextrose ͑YPAD͒ medium with antibiotics G418 until the exponential growth phase, and harvested at a concentration of 2.5 ϫ 10 7 cells/ ml. Then 1 ml cells were resuspended in 5 ml autoclaved deionized water and treated with PMJ for 2 min and 5 min, respectively. 20 l of the samples were added to 100 l of XTT working solution in a well of a 96-well plate, each sample run in duplicate. Following, the yeast cells were cultured with XTT for 18 h at 30°C to yield the water soluble orange derivatives, which were then used to evaluate the numbers of living cells by measuring the absorbance at 450 nm on a plate-reader. The 2 and 5 min data of each strain were normalized to that of their respective nontreated samples to evaluate the survival ratios of the strains, serving as the indicators of their sensitivities to plasma. All the parameters mentioned above were kept the same for all strains to ensure the parallel sensitivity comparisons accurate and reliable.
The sensitivities of various strains to plasma treatment are shown in Fig. 3 . The strains were divided into three groups according to their origins: controls, seven oxidative stress pathway mutants, and four cell cycle pathway mutants. It is clear that most of the 2 min samples had the similar survival ratios, largely around 70%. The results of the 5 min treatment, on the other hand, discriminated better the sensitivities of the different strains. Four of the seven oxidative related deletion strains ͑skn7 ⌬ , ssk2 ⌬ , ask10 ⌬ , hog1 ⌬ ͒ were hypersensitive to plasma, with the survival ratios less than 30% after the treatment while the others ͑controls, sln1-D, ssk1 ⌬ , and tsa1 ⌬ ͒ were approximately 60%. Interestingly, after the 5 min treatment, the mutant control ylr224w ⌬ had an even higher survival ratio compared to wt, indicating that a single-gene deletion itself was not sufficient to result in hypersensitivity of the mutants, and the hypersensitivity of certain strains was caused by the deletion of their specific genes. Similarly, the four cell cycle related mutants presented much lower survival ratios than the controls after the 5 min treatment, suggesting that they were hypersensitive to plasma too. Particularly, the strains ask10 ⌬ , hog1 ⌬ , and cdc28-D showed no cells surviving after the 5 min plasma treatment, as marked with asterisks in Fig. 3 , indicating their extreme hypersensitivities to plasma.
The roles of those genes in the two pathways are presented in Fig. 4 . Figure 4͑a͒ shows the oxidative stress pathway. Sln1 is a sensor in the cell membrane, which suppresses the antioxidative response in normal conditions. When Sln1 senses the oxidative stress, the repression of Ssk1 is released. Then Ssk1 activates Ssk2 and the signal finally reaches Hog1, which actives the group of final response genes, i.e., oxidants scavengers, such as Tsa1. Another pathway is via Skn7, which is also activated by oxidative stress. is one of the regulators of Skn7. 15, 16 In our results, the sln1-D strain kept its Sln1 expression at a very low level and the oxidative response was active. As a result, the survival ratio of sln1-D after plasma treatment was similar to wt. The tsa1 ⌬ strain also showed similar sensitivity to wt, probably due to the redundancy of the group of final response genes. The ssk1 ⌬ strain was not affected by its deletion, but the lack of its downstream protein Ssk2 would result in decreased resistance to plasma, suggesting that there might be more than one regulator to activate Ssk2. The survival ratios of ask10 ⌬ and hog1 ⌬ strains were 0 in the 5 min treatment case, suggesting the importance of these two genes for S.cerevisiae in the resistance to plasma.
As in the cell cycle regulatory network in Fig. 4͑b͒ , cdc28, an essential gene, is the only cyclin dependence kinase ͑CDK͒ in S. cerevisiae. During the G1 phase of cell cycle, the Cdc28/Cln3 complex releases the transcriptional factor Swi4/Swi6 complex from the inactivated Whi5/Swi4/ Swi6 complex, which will then initiate the G1 to S phase transcription. 17, 18 In addition, Cdc28 forms the DNA replication initiator complex and is required for the formation of gross chromosomal rearrangements, which is important for cell viability during DNA damage. 19 In our experiment, the DAmP of Cdc28 caused a survival ratio of 0 after a 5 min treatment. We also checked its companion Cln3, and their downstream complex components Swi4 and Swi6. The deletion strains of the three also showed decreased survival ratios: less than 20%. These results clearly indicate that these cell cycle regulation genes are also involved in yeast's response to plasma stress. The absence of the cell cycle regulation genes may result in defective damage repair or checkpoint survey so that the cells have an impaired ability to survive during plasma treatment.
Different responding sensitivities of the 13 strains in S. cerevisiae show that not only the oxidative stress pathway but also the cell cycle regulation pathway are involved in the resistance to plasma processing. This indicates that when eukaryocytes confront plasma treatment, complicated responses are induced to maintain the cell viability. The conclusion that the cell cycle regulation pathway is also involved in the plasma processing supports the possibility of using cold atmospheric plasma for selectively killing cells with dysfunctional cell cycle controls, such as cancers or degenerative diseases cells. Moreover, the method of parallel survival ratio measurement of S. cerevisiae single gene deletion mutants is helpful in exploring the mechanisms of plasma treatment from a biological response aspect. It also inspires a potential to develop high-throughput screening methods to figure out the global picture of the yeast responses to the complex cold plasma treatment. FIG. 4 . Oxidative stress ͑a͒ and cell cycle ͑b͒ pathways of S. cerevisiae. The ball-ended arrows mean suppression, and the normal arrows mean activation. Dashed frames suggest unchanged sensitivities of the deletion strains ͑sln1 ⌬ , ssk1 ⌬ , tas1 ⌬ ͒; and normal frames stand for hypersensitivities. Shadowed boxes within the frames stand for extreme hypersensitivities ͑ask10 ⌬ , hog1 ⌬ , cdc28 ⌬ ͒. 
